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ABSTRACT
The European Space Agency’s Planck satellite, launched on 14 May 2009, is the third-generation space experiment in the field of cosmic mi-
crowave background (CMB) research. It will image the anisotropies of the CMB over the whole sky, with unprecedented sensitivity ( ΔTT ∼ 2 ×
10−6) and angular resolution (∼5 arcmin). Planck will provide a major source of information relevant to many fundamental cosmological prob-
lems and will test current theories of the early evolution of the Universe and the origin of structure. It will also address a wide range of areas of
astrophysical research related to the Milky Way as well as external galaxies and clusters of galaxies. The ability of Planck to measure polarization
across a wide frequency range (30−350 GHz), with high precision and accuracy, and over the whole sky, will provide unique insight, not only
into specific cosmological questions, but also into the properties of the interstellar medium. This paper is part of a series which describes the
technical capabilities of the Planck scientific payload. It is based on the knowledge gathered during the on-ground calibration campaigns of the
major subsystems, principally its telescope and its two scientific instruments, and of tests at fully integrated satellite level. It represents the best
estimate before launch of the technical performance that the satellite and its payload will achieve in flight. In this paper, we summarise the main
elements of the payload performance, which is described in detail in the accompanying papers. In addition, we describe the satellite performance
elements which are most relevant for science, and provide an overview of the plans for scientific operations and data analysis.
Key words. cosmic microwave background – space vehicles: instruments – instrumentation: detectors – instrumentation: polarimeters –
submillimeter: general – radio continuum: general
1. Introduction
The Planck mission1 was conceived in 1992, in the wake of the
release of the results from the COsmic Background Explorer
(COBE) satellite (Boggess et al. 1992), notably the measurement
by the FIRAS instrument of the shape of the spectrum of the
cosmic microwave background (CMB), and the detection by the
DMR instrument of the spatial anisotropies of the temperature
of the CMB. The latter result in particular led to an explosion
in the number of ground-based and suborbital experiments dedi-
cated to mapping of the anisotropies, and to proposals for space
experiments both in Europe and the USA.
The development of Planck began with two proposals
presented to the European Space Agency (ESA) in May
of 1993, for the COsmic Background Radiation Anisotropy
Satellite (COBRAS, Mandolesi et al. 1993) and the SAtellite
for Measurement of Background Anisotropies (SAMBA, Puget
et al. 1993). Each of these proposed a payload formed by an
oﬀset Gregorian telescope focussing light from the sky onto
an array of detectors (based on high electron mobility transis-
tor [HEMT] low noise amplifiers for COBRAS and very low
temperature bolometers for SAMBA) fed by corrugated horns.
The two proposals were used by an ESA-led team to design
a payload where a single COBRAS-like telescope fed two in-
struments, a COBRAS-like Low Frequency Instrument (LFI),
and a SAMBA-like High Frequency Instrument (HFI) sharing
a common focal plane. A period of study of this concept culmi-
nated in the selection by ESA in 1996 of the COBRAS/SAMBA
satellite (described in the so-called “Redbook”, Bersanelli et al.
1996) into its programme of scientific satellites. At the time of
selection the launch of COBRAS/SAMBA was expected to be in
2003. Shortly after the mission was approved, it was renamed in
honor of the German scientist Max Planck (1858–1947), winner
of the Nobel Prize for Physics in 1918.
Shortly after its selection, the development of Planck was
joined with that of ESA’s Herschel Space Telescope, based on
a number of potential commonalities, the most important of
which was that both missions targeted orbits around the second
Lagrangian point of the Sun-Earth system and could therefore
share a single heavy launcher. In practice the joint development
1 Planck (http://www.esa.int/Planck) is a project of the
European Space Agency – ESA – with instruments provided by two sci-
entific Consortia funded by ESA member states (in particular the lead
countries: France and Italy) with contributions from NASA (USA), and
telescope reflectors provided in a collaboration between ESA and a sci-
entific Consortium led and funded by Denmark.
has meant that a single ESA engineering team has led the devel-
opment of both satellites by a single industrial prime contractor,
leading to the use of many identical hardware and software sub-
systems in both satellites, and a synergistic sharing of engineer-
ing skills and manpower. The industrial prime contractor, Thales
Alenia Space France, was competitively selected in early 2001.
Thales Alenia Space France was supported by two major sub-
contractors: Thales Alenia Space Italy for the service module of
both Planck and Herschel, and EADS Astrium GmbH for the
Herschel payload module, and by many other industrial subcon-
tractors from all ESA member states. The development of the
satellite has been regularly reported over the years, see e.g. Reix
et al. (2007).
In early 1999, ESA selected two consortia of scientific in-
stitutes to provide the two Planck instruments which were part
of the payload described in the Redbook: the LFI was devel-
oped by a consortium led by N. Mandolesi of the Istituto di
Astrofisica Spaziale e Fisica Cosmica (CNR) in Bologna (Italy);
and the HFI by a consortium led by J.-L. Puget of the Institut
d’Astrophysique Spatiale (CNRS) in Orsay (France). More than
40 European institutes, and some from the USA, have collabo-
rated on the development and testing of these instruments, and
will continue to carry out their operation, as well as the en-
suing data analysis and initial scientific exploitation (see also
Appendix A).
In early 2000, ESA and the Danish National Space Institute
(DNSI) signed a Letter of Agreement for the provision of the
two reflectors that are used in the Planck telescope. DNSI led a
consortium of Danish institutes, which together with ESA sub-
contracted the development of the Planck reflectors to EADS
Astrium GmbH (Friedrichshafen, D), who have manufactured
the reflectors using state-of-the-art carbon fibre technology.
The long development history of the Planck satellite (see
Fig. 1) culminated with its successful launch on 14 May 2009.
This paper is not meant to describe in detail Planck’s sci-
entific objectives or capabilities. A detailed and still quite up-
to-date description of the Planck mission and, more specif-
ically, of its scientific objectives was produced in 2005, the
“Planck Bluebook” (Planck Collaboration 2005). This paper is
meant to provide an update to the technical description of the
payload in the Planck Bluebook, summarising the best knowl-
edge available at the time of launch of the major scientifically
relevant performance elements of the satellite and its payload,
based on all the ground testing activities and extrapolation to
flight conditions. It is part of a set of papers which details the
payload performance and which will be referred to whenever
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Fig. 1. The fully assembled Planck satellite a few days before integra-
tion into the Ariane 5 rocket. Herschel is visible by reflection on the
primary reflector. Photo by A. Arts.
possible for detailed descriptions. In addition to a summary of
the material presented in the accompanying papers, this one also
includes a description of the scientifically relevant elements of
the satellite performance, of its planned operations, and a brief
overview of the “science ground segment”. The main accom-
panying papers, most of which are part of this special issue of
Astronomy & Astrophysics, include:
– Tauber et al. (2010), describing the optical performance of
the combined payload, i.e. telescope plus instruments;
– Mandolesi et al. (2010), describing programmatic aspects of
the LFI and its development;
– Bersanelli et al. (2010), describing in detail the design of the
LFI;
– Mennella et al. (2010), describing the test and calibration
programme of the LFI at instrument and system levels prior
to launch;
– Villa et al. (2010), describing the test and calibration of the
LFI radiometer chains;
– Sandri et al. (2010), describing the design and test of the LFI
optics;
– Leahy et al. (2010), describing the polarisation aspects of the
LFI, and its expected performance in orbit;
– Lamarre et al. (2010), describing in detail the on-ground de-
sign, manufacture, test and performance of the HFI;
– Pajot et al. (2010), describing the test and calibration pro-
gramme of the HFI prior to launch;
– Ade et al. (2010), describing the design, test and perfor-
mance of the cryogenic elements of the HFI focal plane;
– Holmes et al. (2008), describing the design, manufacture and
test of the HFI bolometers;
– Maﬀei et al. (2010), describing the design and test of the HFI
optics;
– Rosset et al. (2010), describing the polarisation aspects of
the HFI.
2. Satellite description
Figures 2 and 3 show the major elements and characteristics of
the Planck satellite. Planck was designed, built and tested around
two major modules:
1. a payload module (see Fig. 5) containing an oﬀ-axis tele-
scope with a projected diameter of 1.5 m, focussing radiation
from the sky onto a focal plane shared by detectors of the LFI
and HFI, operating at 20 K and 0.1 K respectively; a tele-
scope baﬄe that simultaneously provides stray-light shield-
ing and radiative cooling; and three conical “V-groove” baf-
fles that provide thermal and radiative insulation between the
warm service module and the cold telescope and instruments.
2. a service module (see Fig. 6) containing all the warm elec-
tronics servicing instruments and satellite; and the solar
panel providing electrical power. It also contains the cryo-
coolers, the main on-board computer, the telecommand re-
ceivers and telemetry transmitters, and the attitude control
system with its sensors and actuators.
The most relevant technical characteristics of the Planck space-
craft are detailed in Table 1.
2.1. Pointing
Planck spins at 1 rpm around the axis of symmetry of the solar
panel2. In flight, the solar panel can be pointed within a cone
of 10◦ around the direction to the Sun; everything else is always
in its shadow. The attitude control system relies principally on:
– Redundant star trackers as main sensors, and solar cells for
rough guidance and anomaly detection. The star trackers
contain CCDs which are read out in synchrony with the
speed of the field-of-view across the sky to keep star images
compact.
– Redundant sets of hydrazine 20 N thrusters for large ma-
noeuvers and 1 N thrusters for fine manoeuvers.
An on-board computer dedicated to this task reads out the star
trackers at a frequency of 4 Hz, and determines in real time the
absolute pointing of the satellite based on a catalogue of bright
stars. Manoeuvers are carried out as a sequence of 3 or 4 thrusts
spaced in time by integer spin periods, whose duration is calcu-
lated on-board, with the objective to achieve the requested atti-
tude with minimal excitation of nutation. There is no further ac-
tive damping of nutation during periods of inertial pointing, i.e.
between manoeuvers. The duration of a small manoeuver typi-
cal of routine operations (2 arcmin) is ∼5 min. Larger manoeu-
vers are achieved by a combination of thrusts using both 1 N
and 20 N thrusters, and their duration can be considerable (up to
several hours for manoeuver amplitudes of several degrees). The
attitudes measured on-board are further filtered on the ground to
reconstruct with high accuracy the spacecraft attitude (or rather
the star tracker reference frame). The star trackers and the in-
strumental field-of-view were aligned on the ground indepen-
dently to the spacecraft reference frame; the resulting alignment
accuracy between the star trackers and the instruments was of
2 In reality, Planck spins about its principal axis of inertia, which
does not coincide exactly with the geometrical axis; this diﬀerence will
evolve slowly during the mission due to fuel expenditure. After on-
ground balancing, the diﬀerence (often called “wobble angle”) is pre-
dicted to be ∼–14 arcmins just after launch (mainly around the Y axis,
see Fig. 3), and to vary between ∼–5 arcmins after the final injection ma-
noeuver into L2 (when most of the fuel has been expended), to ∼+5 ar-
cmin at end of the nominal mission lifetime.
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Fig. 2. An artist’s impression of the main elements of Planck. The instrument focal plane unit (barely visible, see Fig. 4) contains both LFI and
HFI detectors. The function of the large baﬄe surrounding the telescope is to control the very-far-sidelobe level of the radiation pattern as seen
from the detectors, and it also contributes substantially to radiative cooling of the payload. The specular conical shields (often called “V-grooves”)
thermally decouple the octagonal service module (which contains all warm elements of the satellite) from the payload module. The clampband
adapter which holds the satellite to the rocket, and the medium-gain horn antenna used to transmit science data to ground are also indicated.
0.◦19, far better than required. The angles between the star tracker
frame and each of the detectors are determined in flight from
observations of planets. Several bright planets drift through the
field-of-view once every 6 months, providing many calibration
points every year. There are many weaker point sources, both
celestial and in the Solar System, which provide much more fre-
quent though less accurate calibration tests. The in-flight point-
ing calibration is very robust vis-à-vis the expected thermoelas-
tic deformations (which contribute a total of 0.14 arcmin to the
total on-ground alignment budget). The most important pointing
performance aspects, based on a realistic simulation using rather
conservative parameter values, and tests of the attitude control
system, are summarised in Table 2.
The 20 N thrusters are also used for orbit control manoeuvers
during transfer to the final Planck orbit (two large manoeuvers
planned) and for orbit maintenance (typically one manoeuver per
month). Most of the hydrazine thruster fuel that Planck carries is
expended in the two large manoeuvers carried out during trans-
fer, and a very minor amount is required for orbit maintenance.
2.2. Thermal design and the cryo-chain
The cryogenic temperatures required by the detectors are
achieved through a combination of passive radiative cooling and
three active refrigerators. The contrast between the high power
dissipation in the warm service module (∼1000 W at 300 K) and
that at the coldest spot in the satellite (∼100 nW at 0.1 K) are
testimony to the extraordinary eﬃciency of the complex thermal
system which has to achieve such disparate ends simultaneously
while preserving a very high level of stability at the cold end.
The telescope baﬄe and V-groove shields (see Fig. 2) are key
parts of the passive thermal system. The baﬄe (which also acts
as a stray-light shield) is a high-eﬃciency radiator consisting of
∼14 m2 of open aluminium honeycomb coated with black cryo-
genic paint; the eﬀective emissivity of this combination is very
high (>0.9). The “V-grooves” are a set of three conical shields
with an angle of 5◦ between adjacent shields; the surfaces (ap-
prox 10 m2 on each side) are specular (aluminum coating with an
emissivity of ∼0.045) except for the outer (∼4.5 m2) area of the
topmost V-groove which has the same high-emissivity coating
as the baﬄe. This geometry provides highly eﬃcient radiative
coupling to cold space, and a high degree of thermal and radia-
tive isolation between the warm spacecraft bus and the cold tele-
scope, baﬄe, and instruments. The cooling provided by the pas-
sive system leads to a temperature of 40–45 K for the telescope
and baﬄe. Table 3 lists temperature ranges predicted in flight
for various parts of the satellite, based on a thermo-mechanical
model which has been correlated to test results; the uncertainty
in the prediction for elements in the cold payload is of order
(+0.5 K, −2 K).
The active refrigeration chain further reduces the detector
temperatures to 20 K (LFI front-end low noise amplifiers) and
0.1 K (HFI bolometers) respectively. It is based on three distinct
units working in series (see Fig. 7):
1. The hydrogen sorption cooler was designed and built ex-
pressly for Planck at NASA’s Jet Propulsion Laboratory
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Fig. 3. Engineering cross-sectional diagrams of Planck show its overall dimensions (in mm). The satellite spins around the vertical axis (+X),
such that the solar array is always exposed to the Sun, and shields the payload from solar radiation. The shadow cone (±10◦) is indicated in the
left panel; the TM cone (±15◦), i.e. the angle within which the medium-gain data transmission link to Earth can be maintained, is also indicated.
Figures courtesy of Thales Alenia Space (France).
Table 1. Planck satellite characteristics.
Diameter 4.2 m Defined by the solar array
Height 4.2 m
Total mass at launch 1912 kg Fuel mass = 385 kg at launch; He mass = 7.7 kg
Electrical power demand (avg) 1300 W Instrument part: 685 W (Begining of Life), 780 W (End of Life)
Operational lifetime 18 months Plus a possible extension of one year
Spin rate 1 rpm ±0.6 arcmin/sec (changes due to manoeuvers)
Stability during inertial pointing∼ 6.5 × 10−5 rpm/h
Max angle of spin axis to Sun 10◦ To maintain the payload in the shade. Default angle is 7.◦5.
Max angle of spin axis to Earth 15◦ To allow communication to Earth
Angle between spin axis and telescope boresight 85◦ Max extent of FOV∼ 8◦
On-board data storage capacity 32 Gbit Two redundant units (only one is operational at any time)
Data transmission rate to ground (max) 1.5 Mbps Within 15◦ of Earth, using a 35 m ground antenna
Daily contact period 3 h The eﬀective real-time science data acquisition bandwidth is 130 kbps.
(USA) (Bhandari et al. 2004; Pearson et al. 2006); it di-
rectly cools the LFI low-noise amplifiers to their operat-
ing temperature while providing pre-cooling for the HFI
cooler chain. The sorption cooler consists of two cold re-
dundant units, each including a six-element sorption com-
pressor and a Joule-Thomson (JT) expansion valve. Each
element of the compressor is filled with hydride material
(La Ni4.78 Sn0.22) which alternately absorbs and releases hy-
drogen gas under control of a heat source. The cooler pro-
duces liquid hydrogen in two liquid-vapor heat-exchangers
(LVHXs) whose temperatures are stabilized by hydrogen ab-
sorption into three compressor elements. LVHX1 provides
pre-cooling for the HFI 4K cooler, while LVHX2 cools the
LFI focal plane unit (FPU). The vapor pressure of the liquid
hydrogen in the LVHXs is determined primarily by the ab-
sorption isotherms of the hydride material used in the com-
pressor elements. Thus, the heat rejection temperature of
the compressor elements determines the instrument temper-
atures. On the spacecraft the compressor rejects heat to a
radiator to space with flight allowable temperatures be-
tween 262 and 282 K; the radiator is a single unit which
couples the active and redundant sorption coolers via a net-
work of heat pipes. The operating eﬃciency of the Planck
sorption cooler depends on passive cooling by radiation to
space, which is accomplished by heat exchange of the gas
piping to the three V-groove radiators. The final V-groove is
required to be between 45 and 60 K to provide the required
cooling power for the two instruments. At the expected op-
erating temperature of ∼47 K, with a working pressure of
3.2 MPa, the two sorption coolers produce the 990 mW of re-
quired cooling power for the two instruments, with a margin
of ∼100 mW. The temperature in flight at the heat exchang-
ers will be 17.5 K (LVHX1) and 19 K (LVHX2). LVHX2
is actively stabilised by a closed loop heat control; typical
temperature fluctuation spectra are shown in Fig. 8.
2. The 4 K cooler is based on the closed circuit JT expansion of
helium, driven by two mechanical compressors, one for the
high pressure side and one for the low pressure side. A de-
scription of this system is given in Bradshaw et al. (1997).
Similar compressors have already been used for active
cooling at 70 K in space. The Planck 4 K cooler was initially
developed under an ESA programme to provide 4 K cooling
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Fig. 4. Planck focal plane unit. The HFI array of feedhorns (identified
by the blue circle) is located inside the ring formed by the LFI feed
horns. The LFI focal plane structure (temperature 20 K) is attached by
bipods to the telescope structure (temperature ∼40 K). Thermally isolat-
ing bipods are also used to mechanically mount the HFI external struc-
ture (temperature 4 K) to the LFI focal plane. The externally visible HFI
horns are at a temperature of 4 K; behind the first horn is a second stage
at 1.6 K containing filters, and behind these the bolometer mounts at
0.1 K.
with reduced vibration for the FIRST (now Herschel) satel-
lite. For this reason the two compressors are mounted in a
back-to-back configuration, which cancels most of the mo-
mentum transfer to the spacecraft. Furthermore, force trans-
ducers placed between the two compressors provide an
error signal which is used by the drive electronics servo sys-
tem to control the motion profile of the pistons up to the
7th harmonic of the base compressor frequency (∼40 Hz).
The damping of vibration achieved by this system is more
than two orders of magnitude at the base frequency and fac-
tors of a few at higher harmonics; the residual vibration lev-
els will have a minor heating eﬀect on the 100 mK stage,
and negligible impact on the pointing. Pre-cooling of the he-
lium is provided by the sorption cooler described above. The
cold end of the cooler consists of a liquid helium reservoir
located just behind the JT orifice. This cold tip is attached
to the bottom of the 4 K box of the HFI FPU (see Fig. 7). It
provides cooling for this screen and also pre-cooling for the
gas in the dilution cooler pipe described later in this sec-
tion. The margin between heat lift and heat load depends
sensitively on the pre-cooling temperature provided by the
sorption cooler at the LVHX1 interface. The temperature of
LVHX1 is thus the most critical interface of the HFI cryo-
genic chain; system-level tests have shown that it is likely
to be ∼17.5 K, about 2 K below the maximum requirement3.
At this pre-cooling temperature the heat load is 10.6 mW and
the heat lift is 16.1 mW for a compressor stroke amplitude of
3.5 mm (the maximum is 4.4 mm). The heat load of the 4 K
cooler onto the sorption cooler is only 30 mW, a very small
amount with respect to the heat lift of the sorption cooler
(990 mW); thus there is little back reaction of the 4 K onto
the sorption cooler.
3. The dilution cooler consists of two cooling stages in se-
ries, using 36 000 litres of Helium 4 and 12 000 litres of
Helium 3 gas stored on-board in 4 high-pressure tanks. The
first stage is based on JT expansion, and produces cooling
3 The temperature of the cold end of the sorption cooler is mostly
driven by that of the warm radiator on the satellite, which will be oper-
ated at 272 K (±10 K), leading to a temperature at LVHX1 of 17.5 K
(±0.5). The warm radiator temperature is thus also a critical parameter,
which can be kept in flight within the desired range as demonstrated
during ground tests.
Fig. 5. The upper panel shows an exploded view of the Planck payload
module. The baﬄe is made of aluminum honeycomb, externally open
and coated with high emissivity paint, and internally covered with alu-
minum foil. The telescope support structure, made from carbon fiber re-
inforced plastic, consists mainly of a hexagonal frame and a large panel
supporting the primary reflector. Twelve glass fiber reinforced plastic
struts support the telescope frame and the three V-grooves. The grooves
are facetted with six flat sectors of 60◦ each, made of aluminum sand-
wich with pure aluminum skins. The pipes carrying cryogenic fluid for
the coolers are heat sunk onto each of the three V-grooves; a more de-
tailed view of the piping can be seen in the lower panel. The focal plane
is supported by three bipods to the primary reflector panel. Waveguides
connect each LFI radiometer front-end amplifier to corresponding back-
end amplifiers, located in the REBA (radiometer electronics and back-
end assembly). The HFI bolometer signals are first processed by JFETs
(junction-gate field eﬀect transistors) operated at 130 K, and then am-
plified in the PAU (pre-amplifier unit). All further instrument electronic
units are located inside the service module (see Fig. 6). Figures courtesy
of ESA and Thales Alenia Space.
for the 1.6 K screen of the FPU and for pre-cooling of the
second stage cooler. The latter is based on a dilution cooler
principle working at zero-G, which was invented and tested
by A. Benoît (Benoît et al. 1997), and developed into a
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Table 2. Planck pointing performance.
Small manoeuver accuracy <0.4 arcmin 1σ
Residual nutation after manoeuver <0.85 arcmin 1σ
Drift during inertial pointing 2.5–3.5 arcmin/24 h due to solar radiation pressure
Accuracy of on-ground determination of star tracker frame <0.07 arcmin 1σ, at 8 Hz
Star-tracker to detector bias determination accuracy ∼5 arcsec 1σ, based on simulations of planet obervations
space-qualified system by the Institut d’Astrophysique
Spatiale (Orsay) and DTA Air Liquide (Grenoble), see
Triqueneaux et al. (2006). The gas from the tanks (at
300 bars at the start of the mission) is brought down to
19 bars through a pressure regulator and the flow through
the dilution is regulated by a set of discrete restrictions
which can be switched by telecommand. The gas is vented
to space after the dilution process4, and the cooler therefore
has a lifetime limited by the gas supply. The dilution of the
two helium isotopes provides the cooling of the bolome-
ters to a temperature around 100 mK which is required
to deliver a very high sensitivity for the channels near the
peak of the CMB spectrum (noise equivalent power around
10−17 W/
√
Hz), limited mostly by the background photon
noise.
A detailed description of the cooling system and its performance
in flight will be prepared and published after the in-flight perfor-
mance verification phase.
2.3. Instruments
The LFI (Bersanelli et al. 2010) is designed around 22 pseudo-
correlation radiometers fed by corrugated feedhorns and ortho-
mode transducers to separate two orthogonal linear polarisa-
tions. Each horn thus feeds two radiometers. The radiometers are
based on front-end low noise amplifiers using indium-phosphide
high electron mobility transistors, which process simultaneously
the signal from the sky fed by the telescope, and the signal from
stable blackbody reference loads located on the external body of
the HFI where they can be maintained at a temperature of 4 K.
The front-end amplifiers are located in the focal plane of the
telescope, and are operated at a temperature of ∼20 K; they feed
warm back-end amplifiers and detection electronics via waveg-
uides connecting the FPU to the warm service module. For each
radiometer, sky and load time-ordered data are separately re-
constructed and made available for processing on the ground.
A detailed description of the LFI design and performance as
measured on the ground are included in Bersanelli et al. (2010),
Mennella et al. (2010), and other papers included in this issue.
The HFI (Lamarre et al. 2010) is designed around
52 bolometers fed by corrugated feedhorns and bandpass filters
within a back-to-back conical horn optical waveguide. Twenty
of the bolometers (spider-web bolometers or SWBs) are sensi-
tive to total power, and the remaining 32 units are arranged in
pairs of orthogonally-oriented polarisation-sensitive bolometers
(PSBs). All bolometers are operated at a temperature of ∼0.1 K,
and read out by an AC-bias scheme through JFET amplifiers op-
erated at ∼130 K. Detailed descriptions of the HFI design and
performance as measured on the ground are included in Lamarre
et al. (2010), Pajot et al. (2010), and other papers included in this
issue.
4 The resulting pointing drift is negligible compared to other sources
such as solar radiation pressure.
Table 3. Planck temperature rangesa.
Element Tmin (K) Tmax (K)
Solar cells 378 382
Service module radiators 251 290
Sorption cooler warm radiator (active control) 262 280
Multi-layer insulation on Solar array 304 316
Multi-layer insulation on top of service module 198 287
Lower V-groove 111.9 152.6
Middle V-groove 76.4 91.6
Top V-groove 43.7 49.1
Sorption cooler interface on Top V-groove 44 (red.) 45.3 (nom.)
Primary reflector panel 38.3 43.8
Primary reflector 39.8 41.5
Secondary reflector 42.9 43.2
Baﬄe 42.3 44.0
Notes. (a) For each element listed, the min and max temperatures corre-
spond to the coldest and warmest node in a thermal finite element model
which has been correlated to the results of ground tests, when the model
is run in a flight-like environment.
The frequency range of the two instruments together is de-
signed to cover the peak of the CMB spectrum and to charac-
terize the spectra of the main Galactic foregrounds (synchrotron
and free-free emission at low frequencies, and dust emission at
high frequencies). The LFI covers 30–70 GHz in three bands,
and the HFI covers 100–857 GHz in six bands. The band cen-
ters are spaced approximately logarithmically. The main perfor-
mance parameters of the instruments, as derived from ground
testing, are summarized in Table 4.
In addition to the basic properties of each detector (Table 4),
it is important to quantify their stability at various timescales,
and the presence of non-white noise in the detector noise spec-
trum. These are described in the following sections.
2.3.1. Deviations from ideality in LFI
The LFI diﬀerential pseudo-correlation receiver scheme was de-
signed to maximise stability and immunity to systematic eﬀects
of thermal or electrical origin (Bersanelli et al. 2010). The main
sources of potential instabilities in the LFI signal are enumerated
and briefly discussed below.
1. Low frequency noise intrinsic to the radiometers – HEMT
low noise amplifiers, such as those used by LFI, exhibit
gain and noise temperature fluctuations caused by the pres-
ence of traps in the semiconductor, resulting in a character-
istic power spectral density P( f ) ∝ 1/ f β with β ≈ 1 (“1/ f
noise”). The noise power spectral density of the LFI post-
detection diﬀerenced signal is well described by:





where σ2 is the white noise limit and fk is the character-
istic knee-frequency. Test results on the LFI show typical
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Fig. 6. The Planck service module consists of a conical mechanical structure around which is supported an octagonal set of panels. It contains
all the warm satellite and payload electronic units, with the only exception of the box containing JFETs for impedance-matching to the HFI
bolometers (see Fig. 5), which is mounted on the primary reflector support panel, to allow the operation of the JFETs at an optimal temperature of
∼130 K . Figure courtesy of Thales Alenia Space (France).
values of fk ∼ 20 mHz, i.e. well below the required level
which was set taking into account the satellite spin rate,
fS  17 mHz, and the eﬃciency of destriping algorithms
(Maino et al. 2002; Keihänen et al. 2005).
2. Radiometer thermal fluctuations – The LFI front-end is
cooled to 20 K for optimal sensitivity of the indium phos-
phide cryogenic amplifiers. Fluctuations in the temperature
of the 20 K cold end lead to perturbations of the radiomet-
ric diﬀerential signal through a complex transfer function
which depends on the thermal susceptibility of the active
and passive components in the LFI front-end modules and
on the damping properties of the instrument thermal mass
(Mennella et al. 2010). Stability requirements imposed on
the 20K sorption cooler (see Fig. 8) lead to fluctuations in
the raw data of <10–15 μK (peak-to-peak), which translates
into a residual systematic eﬀect at a level <1 μK, estimated
at the end of the mission after destriping. Similar require-
ments, though far less stringent, were imposed to the stabil-
ity of the back-end modules where further RF amplification
takes place.
3. Thermal fluctuations of the reference loads – Instabilities
in the blackbody reference loads, connected to the HFI
4 K box, are directly transferred to the measured signals.
Proportional-integral-derivative (PID) stabilisation applied
to the HFI 4 K stage significantly reduces thermal fluctua-
tions which are dominated by the 20 K pre-cooling interface.
The eﬀect has been calculated and eventually measured in
the system level tests. The location of the PID on the 4 K
stage leads to eﬃcient damping for the 70 GHz reference
loads (where an estimated level of the fluctuation spectrum
below 10 μK/
√
Hz is reached). The 30 and 44 GHz refer-
ence loads are located further away from the PID source, and
for them a similar damping level is not guaranteed. On time
scales below the spin rate (1 min), the thermal fluctuations
of the reference loads are below the 10 μK/
√
Hz require-
ment and do not contribute significantly to the noise in the
diﬀerenced data. On longer time scales (∼15 min), sorption
cooler fluctuations on the HFI cold head induce periodic os-
cillations at the 4 K shield interface of order 5 mK (peak to
peak) which propagate to the reference loads. The combina-
tion of the passive filtering due to the thermal inertia of the
FPU itself and the action of the PID system completely sup-
press these oscillations in the 70 GHz loads, and reduce their
amplitude to <1 mK in the 30 and 44 GHz loads. Simulations
show that these fluctuations at low frequencies are eﬃciently
erased by destriping techniques, leading to a residual eﬀect
on the maps of order 1 μK. Furthermore, the temperatures
of the reference loads are measured by thermometers to an
accuracy level which allows the removal of the thermal fluc-
tuation signal, using software based on a thermo-mechanical
model which has been specifically developed to deal with
this eﬀect if needed.
4. Frequency spikes – The noise spectra of some LFI radiome-
ters exhibit a few very narrow spikes at 1 Hz and harmonics,
which are known to be due to a subtle disturbance from the
housekeeping data acquisition performed by the data acqui-
sition electronics. These artifacts are nearly identical in sky
and reference samples, and are almost completely removed
by the LFI diﬀerencing scheme (Meinhold et al. 2009).
Simulations reproducing the eﬀect in a full-sky observation
with worst-case assumptions lead to a residual systematic
eﬀect of 0.4 μK (peak-to-peak). Despite the extremely low
level of this eﬀect, software tools have been developed to
remove the disturbance from the limited number of channels
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Fig. 7. The top panel of this figure shows the distribution of the elements of the three active coolers in various parts of the satellite. (Top left)
The whole cooling system is closely integrated into the satellite. The three other panels at top show the elements of the 20 K sorption cooler, 4 K
cooler, and 0.1 K cooler. Most of the cooler hardware is located in the Service Module; they all transport cryogenic fluids to the payload module
via piping which is intricately heat sunk to the V-grooves. Details of the cooler connections to the focal plane can be seen in the composite shown
in the lower part of the figure. Figures courtesy of ESA, LFI, and HFI.
showing it, and have been tested on the full Planck system-
level tests, yielding a reduction factor of ∼10. Part of the
comissioning phase of Planck will include careful in-orbit
characterization of the spikes to further optimize the tools.
Monte Carlo testing of the LFI analysis pipeline includes
simulations and removal of these spikes.
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Table 4. Summary of Planck instrument performance in flight, as predicted from ground characterisation (Mennella et al. 2010; Lamarre et al.
2010)
Instrument LFI HFI
Center frequency [GHz] 30 44 70 100 143 217 353 545 857
Number of polarised detectorsa 4 6 12 8 8 8 8
Number of unpolarised detectors 4 4 4 4 4
Meanb FWHM (arcmin) 32.7 29.5 13.0 9.6 7.0 4.6 4.5 4.7 4.3
Meanc ellipticity 1.36 1.50 1.27 1.17 1.05 1.11 1.13 1.03 1.04
Bandwidth (Δν, GHz) 4.5 4.1 12 32 45 68 104 174 258
ΔT/T per pixel (Stokes I)d 3.3 5.2 8.9 3 2.2 4.8 2.0 150 6000
ΔT/T per pixel (Stokes Q &U)e 4.6 7.4 12.7 4.8 4.1 9 38
Point source sensitivity f (1σ, mJy) 22 59 46 14 10 14 38 44 45
Notes. (a) For the LFI, the values shown correspond to the output of a linearly polarised diﬀerential radiometer; two such outputs, referred to as
“detectors” in this paper, are supported by each horn. In fact each of the two radiometer outputs from one horn is built from the data acquired by
two diodes, each of which are switched at high frequency between the sky and a blackbody load at 4 K (see Bersanelli et al. 2010). For the HFI,
a (polarised) detector is taken to be the output of one of a pair of linearly polarised polarisation-sensitive bolometers; each horn contains one pair,
i.e. two orthogonally-polarised detectors. Unpolarised spider-web bolometers are present in some of the horns, in these cases there is only one
detector per horn. See Lamarre et al. (2010).
(b) Band-averaged, including polarised and unpolarised detectors, see Tauber et al. (2010).
(c) Band-averaged, including polarised and unpolarised detectors, see Tauber et al. (2010).
(d) In μK/K (thermodynamic temperature) for 15 months integration, 1σ, for square pixels whose sides are given in the row “Mean FWHM”.
The instantaneous sensitivities used for these estimates are drawn from ground calibration, averaged for all detectors in each channel; for LFI the
sensitivity is the mean of the two methods described in Mennella et al. (2010).
(e) √2 × ΔT/T(I).
( f ) Not including background confusion. Estimates of confusion levels can be extracted from Leach et al. (2008).
Fig. 8. Measured temperature fluctuation spectra at the two heat ex-
changers of the 20 K sorption cooler. LVHX1 is the interface to HFI
which provides pre-cooling to the 4K cooler; the level of fluctuations
seen by the HFI focal plane unit is damped significantly by the inter-
vening mechanical structure, and further reduced by active control of
the 4K plate. LVHX2 is the interface to the LFI focal plane; when the
temperature control loop is used (TSA: bottom panel), the level of fluc-
tuations is significantly reduced.
2.3.2. Deviations from ideality in HFI
The bolometers and readout system of HFI are intrinsically ex-
tremely stable (Lamarre et al. 2010), and the main instabilities
that will aﬀect the HFI are of thermal origin. Stability require-
ments on the temperature of the diﬀerent HFI stages, throughout
the frequency range where useful scientific data from the sky are
sampled (0.016 to 100 Hz), are set by the following requirements
(details can be found in Lamarre et al. 2010):
– by design, fluctuations in the 100 mK stage (carrying the
bolometers) should induce an extra noise less than 20% of
the background photon noise on the bolometers
– similarly, fluctuations in the 1.6 and 4 K stages (containing
filters and horns in the optical path), should induce emission
leading to stray-light levels less than 20% of the noise of the
whole detection chain for all channels.
To achieve these stringent goals, each thermal stage within HFI
is actively controlled:
– The temperature of the 4 K box, containing the back-to-back
horns coupling to the sky, is regulated by a PID servo system
with a heating belt providing a temperature stability such
that the power spectrum of the temperature fluctuations is
lower that 10 μK/
√
Hz within the band of sampling frequen-
cies where useful information from the sky resides (0.016 to
100 Hz).
– A PID servo system controls the stability of the 1.6 K screen
of the FPU (to which the bandpass-defining filters are at-
tached) with a stability requirement of 28 μK/√Hz (in the
range of frequencies 0.016 to 100 Hz).
– The bolometer temperature of 100 mK provides for very
high sensitivity, limited mostly by the background photon
noise, with a noise equivalent power around 10−17W/
√
Hz
for the channels near the peak of the CMB spectrum. The re-
quired temperature stability for this stage is thus very strin-
gent: 20 nK/
√
Hz in the sampling frequency range 0.016 to
100 Hz. This is achieved mostly through a passive thermal
filter mounted between the dilution cooler’s cold tip and the
bolometer optical plate. The mechanical link between these
two stages is built out of a Holmium-Yttrium alloy which has
a very high heat capacity in the 100 mK range, providing a
thermal time constant of several hours between these stages.
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In addition, two stages of PID regulation are included. The
first is on the dilution cooler itself and it provides the long
time stability. When no thermal perturbation is applied to
the bolometer plate, this system provides the required sta-
bility. The stability at the lowest sampling frequencies (0.01
to 0.1 Hz) could be verified only marginally during system-
level ground testing, because the thermal perturbations of the
bolometer plate during the test were dominated by the dissi-
pation of micro-vibrations due to the test tank environment.
In the instrument-level tests, the heat input on the bolometer
plate was around 10 nW with peaks at each filling of the liq-
uid helium, creating drifts of a few μK over periods of a few
hours. During the system-level tests the heat input from the
facility was even larger (about 40 nW). The expected level
in flight is less than 1 nW, caused by the bias current of
the bolometer polarisation, and by Galactic cosmic rays de-
posited in the bolometer plate. The temperature fluctuations
induced by these inputs should be negligible. The main tem-
porary perturbations should instead come from solar flares:
at most a few events are expected during the mission, which
might lead to the loss of a few days of operations of the dilu-
tion cooler. A second PID temperature regulation is mounted
on the bolometer plate itself but is only considered as a back
up to the system described above and should not be needed
in flight.
The instrument-level tests and system-level tests carried out have
shown that the stability requirements are all satisfied (as de-
scribed in detail in Lamarre et al. 2010; Pajot et al. 2010), al-
though for the 100 mK stage the demonstration relies partly
on analysis, as the level of micro-vibration of the test facilities
did not allow to achieve flight-like thermal stability levels to be
achieved (see Pajot et al. 2010), and therefore to measure reliable
1/f knee frequencies. The systematic eﬀects due to temperature
fluctuations are thus expected to be well below the noise and
should not compromise the HFI sensitivity.
Additional systematic eﬀects that are known to be signifi-
cant for HFI include (more detailed descriptions are provided in
Lamarre et al. 2010):
– glitches are due to cosmic rays entering the FPU through its
metal box. The energy deposited in thermistors and radiation
absorbers of bolometers are mostly above the noise and eas-
ily detected5. They will be detected and removed during pre-
processing of the detector signal time lines by well-known
software methods, e.g. Tristram (2005). During ground test-
ing, the rate of glitches did not exceed a few per hour, but up
to several per minute are expected in flight.
– Some channels suﬀer from a random bi-stable noise known
in pre-amplifiers as “telegraph” noise. In all observed cases,
the level of this noise did not exceed the standard devia-
tion of the white noise component of the signal, i.e. 0.1 to
0.2 μvolts rms. The number of aﬀected channels varied after
every disconnection and reconnection of the low temperature
harness. During the final tests at system level, after which
the harness has not been manipulated, only the 143-8 and
the 545-3 SWB channels showed a significant level of tele-
graph noise. Algorithms for removing this source of noise
have been developed and have been tested on simulated sig-
nals. The residual extra noise will have to be evaluated in
flight, but there is confidence that this phenomenon has lim-
ited consequences on the final noise at low frequencies.
5 Lower energy cosmic rays and suprathermal particles from the solar
wind do not reach the focal plane.
Fig. 9. The transfer function due to the time response of HFI bolome-
ter 353-3a, as measured (blue and red dots) and modelled (red line).
– The compressors of the 4 K cooler induce strong para-
sitic signals at the base frequency (∼40 Hz) and harmon-
ics, through mechanical vibration and electrical interference
on the low level part of the amplification chain. The micro-
phonic component is suppressed to a negligible level by the
design and active electronic vibration control system used to
operate the 4 K cooler. The compressor cycle is phase-locked
with the AC readout of the bolometers, which makes the par-
asitic lines of electromagnetic origin extremely narrow and
easy to remove either in the time or the Fourier domain.
– Bolometers have thermal properties that induce a non-
instantaneous response to incident radiation. In addition,
their signal is processed by readout electronics which in-
cludes filters and an integration over several milliseconds of
the digitized data. The resulting transfer function is complex
(see Fig. 9), but in the domain of interest for scientific sig-
nals, it can be described as a first order low-pass filter with
cut-oﬀ frequencies ranging from 15 Hz for the long wave-
lengths channels to 70 Hz for the short wavelength chan-
nels. In addition to this classical well-known behaviour, the
HFI bolometers show an excess response at frequencies less
than a few Hz, for which the amplitude of the response at
very low frequencies is increased by a few per mil to a few
per cent, depending on the channels. This excess response is
well modelled by assuming that it originates from a parasitic
heat capacity weakly linked with the bolometers. One conse-
quence of this low frequency excess response is that the sig-
nal at 0.017 Hz from the CMB dipole, which is used for pho-
tometric calibration, will be enhanced at the percent level by
this eﬀect, while the response to higher order moments will
not. In consequence, the transfer function has to be known
and corrected to achieve an accurate measurement of the
CMB spectrum. It has been measured on the ground with
an accuracy better than 0.5% of the overall response. The
measurement will be repeated in orbit by injecting electrical
signals in the bolometers. The signal from planets and from
the Galaxy will provide additional constraints on this param-
eter. More details can be found in Lamarre et al. (2010).
2.4. Optics
A detailed description of the Planck telescope and the instru-
ment optics is provided in Tauber et al. (2010), Sandri et al.
(2010) and Maﬀei et al. (2010). The LFI horns are situated in
a ring around the HFI, see Fig. 4. Each horn collects radia-
tion from the telescope and feeds it to one or two detectors. As
shown in Fig. 4 and Table 4, there are nine frequency bands,
with central frequencies varying from 30 to 857 GHz. The lowest
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three frequency channels are covered by the LFI, and the highest
six by HFI. All the detector optics are mono-mode, except for
the two highest frequencies which are multi-moded. The mean
optical properties at each frequency are given in Table 4, as de-
rived from ground measurements in combination with models
extrapolating to flight conditions.
The arrangement of the detectors in the focal plane is de-
signed to allow the measurement of polarisation parameters
Stokes Q and U (see e.g. Couchot et al. 1999). Most horns con-
tain two linearly polarised detectors whose principal planes of
polarisation are very close to 90◦ apart on the sky. Two such
horns, rotated by 45◦ with respect to each other, are placed
consecutively along the path swept by the field-of-view (FOV)
on the sky. This arrangement enables the measurement of the
Stokes Q and U parameters by suitable addition and subtraction
of the diﬀerent detector outputs, and reduces spurious polarisa-
tion due to beam mismatches.
Uncertainties in the beam shape have a direct impact on the
calibration of the temperature scale, which increases with de-
creasing angular scale. The knowledge of the beams achieved
on the ground (Tauber et al. 2010) is close to, but not enough
to achieve the calibration accuracy goals (1% at all multipoles
up to 2000 in the 70–217 GHz frequency channels, and 3% at
other frequencies). It will be supplemented with measurements
of planets during flight (see Sect. 4.2).
Each linearly polarised detector is mainly (but not only)
characterised by two parameters: the orientation on the sky of
the principal plane of polarisation, and the cross-polar level (i.e.
the sensitivity to radiation polarised orthogonally to the princi-
pal plane). Both these parameters have been measured on the
ground, with accuracies described in Leahy et al. (2010) and
Rosset et al. (2010); a summary for both instruments is pro-
vided in Tauber et al. 2010. These measurements will be com-
plemented in flight with observations of a bright and strongly
polarised source, the Crab Nebula (Tau A). This compact source
has well-known polarisation characteristics whose knowledge
is now being improved specifically for Planck (Aumont et al.
2010). The details of the polarisation measurement and calibra-
tion scheme are developed further in Leahy et al. (2010) and
Rosset et al. (2010).
Other systematic eﬀects related to the optics (described in
greater detail by Tauber et al. 2010) include:
– stray-light originating in the CMB dipole is slowly varying
and will be very eﬀectively removed by data processing, e.g.
destriping.
– stray-light originating from Galactic emission results in a
significant signal level for temperature anisotropies, the main
features of which have been extensively studied, and can be
eﬀectively detected and removed (Burigana et al. 2006). The
level of polarised stray-light is much more diﬃcult to predict
but should also be at a controllable level (Hamaker & Leahy
2004).
– stray-light originating from solar system bodies is expected
to be insignificant
– fluctuating self-emission from satellite surfaces, mainly the
telescope surfaces, is at a very low level and can be identified
with the help of on-board thermometry.
2.5. On-board data acquisition, handling and transmission to
ground
Data are acquired continuously by both instruments and deliv-
ered to a central solid-state memory, from which it is down-
linked to ground during a daily contact period of 3 h at a rate of
1.5 Mbps via a medium-gain antenna which may be used within
a ±15◦ Earth cone (see Fig. 2). The eﬀective total real-time
acquisition rate allocated to the two instruments is 130 kbps av-
eraged over a full day (53.5 kbps allocated to LFI and 76.5 kbps
to HFI). The minimum data sampling frequency of the Planck
detectors is determined by the need to fully sample all beams
in the along-scan direction. Using as guideline the 1-D Nyquist
criterion, the beams should be sampled at least 2.3 times per
FWHM. In the cross-scan direction, this is ensured by the ma-
noeuver step size of 2 arcmin (Sect. 3.3). Along the scan cir-
cle, the readout electronics, digitisation and on-board processing
provide the required sampling as described below.
The data handling scheme for LFI is described in detail in
Maris et al. (2009). For each detector, LFI samples both sky
and reference load signals from each detector at ∼8.2 kHz, and
then averages the samples down to 3 bins per beam FWHM.
The analog-to-digital noise added in the process is negligible.
The sky and reference load time-ordered data are then “mixed”
to reduce variability due to correlated noise and drifts, and re-
quantised to an equivalent6 σ/q ∼ 9, leading to a σ/q ∼ 2
for the sky and reference recovered signals. This process adds
less than 0.05% extra white noise (see Maris et al. 2004 for
a description of the eﬀects of quantisation on the noise distri-
bution). Finally, the mixed and re-quantised time-ordered data
are recoded using an adaptive lossless algorithm into packets of
maximum capacity of 980 bytes equivalent to about 1172 com-
pressed samples. Each packet is coded in such a way that decod-
ing does not depend on any other packet. The on-board process
is complicated but allows the recovery on the ground of both
sky and reference load time-ordered data with negligible added
noise. The average data rate for all LFI detectors resulting from
this process is ∼49 kbps (including housekeeping telemetry).
The HFI scheme is based on sampling all detectors at a con-
stant frequency of 180 Hz, which results in a beam sampling rate
which varies from 2.2 at the 4 highest frequency channels, to 4.8
at 100 GHz. The samples are then quantised to σ/q ∼ 2, which
adds an excess white noise of ∼1%. After lossless compression
into packets of 254 consecutive samples, using an algorithm sim-
ilar to that of LFI, the average data rate of all HFI detectors is
∼68 kbps (including housekeeping telemetry).
The total science data volume downlinked each day is thus
∼13 Gbit. The on-board memory has capacity to store at least
2 days of data in case one contact period is missed.
Time stamping of LFI and HFI data acquisition is synchro-
nised to a central on-board clock with a precision of 15 μs; the
synchronization of star tracker data is also based on the central
clock so that the relative accuracy of sample location on the sky
is extremely good. The on-board clock itself can be synchro-
nised to ground (e.g. UT) during the ground visibility periods
with high precision. Ground tests show that drifts during the non-
visibility period are mostly correlated with thermal fluctuations
and at a level below 0.1 μs per day.
2.6. Lifetime
The required lifetime of Planck in routine operations (i.e., ex-
cluding transfer to orbit, commissioning and performance ver-
ification phases which span ∼3 months in total) is 15 months,
allowing it to complete two full surveys of the sky within that
6 σ is the rms of the samples being compressed, whereas q is the am-
plitude of the least significant bit in each compressed word. The value
of q is set by telecommand only when needed to keep the total daily
data volume of LFI within the allocated value.
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Fig. 10. An artist’s impression of Herschel and Planck in launch config-
uration, under the fairing of the Ariane 5 rocket. Planck is attached to
the rocket interface by means of a ring-shaped clampband. A cylindri-
cal structure surrounds Planck and supports Herschel. Figure courtesy
of ESA (C. Carreau).
period. Its total lifetime is limited by the active coolers (see
Sect. 3) required to operate the Planck detectors. In particular:
– the dilution cooler, which cools the Planck bolometers to
0.1 K, uses 3He and 4He gas which is stored in tanks and
vented to space after the dilution process. System-level tests
of the Planck satellite have verified that the tanks carry
enough gas to provide an additional lifetime of between 11
and 15 months over the nominal lifetime, depending on the
exact operating conditions found in flight.
– the lifetime of the hydrogen sorption refrigerator, which
cools the Planck radiometers to 20 K and provides a first pre-
cooling stage for the bolometer system, is limited by gradual
degradation of the sorbent material. Two units fly on Planck:
the first will allow completion of the nominal mission; the
second will allow an additional 14 months of operation. A
further increase of lifetime could be obtained, if needed, by
heating the absorbing material to a high temperature (a pro-
cess known as “regeneration”).
Overall, the cooling system lifetime will probably allow at least
one additional year of operation beyond the current nominal mis-
sion span. Barring failures after launch, no other spacecraft or
payload factors impose additional limitations. An additional year
Fig. 11. The trajectory which transfers Planck from rocket release to
its final orbit around the L2 point, in Earth centered coordinates. Five
orbits around L2 are sketched. The orbital periodicity is ∼6 months.
The lunar orbit is indicated for reference; the Earth and Moon are not
to scale. Figure courtesy of ESA (M. Hechler).
of lifetime increase would allow Planck to complete four full
surveys of the sky instead of the nominal two surveys.
Such an extension of the Planck mission would provide im-
proved calibration, control of systematic errors, and noise, lead-
ing to reduced uncertainties for many of Planck’s science goals
and legacy surveys. These improvements will be particularly im-
portant for Planck’s polarisation products, for which noise, sys-
tematic errors, and foregrounds are all potentially limiting fac-
tors.
3. Operational plans
3.1. Launch, transfer, and final orbit
Planck was launched from the Centre Spatial Guyanais in
Kourou (French Guyana) on 14 May 2009 at 13:12 UT, on
an Ariane 5 ECA rocket of Arianespace7. ESA’s Herschel
Space Telescope was launched on the same rocket, see Fig. 10.
Approximately 26 min after launch, Herschel was released
from the rocket at an altitude about 1200 km above Earth, and
Planck followed suit 2.5 min later. The Ariane rocket placed
Planck with excellent accuracy on a trajectory towards the
2nd Lagrangian point of the Earth-Sun system (“L2”) which is
sketched in Fig. 118. The orbit describes a Lissajous trajectory
around L2 with 6 month period that avoids crossing the Earth
penumbra for at least 5 years.
After release from the rocket, three major manoeuvers were
carried out to place Planck in its intended final orbit: the first, in-
tended to correct for errors in the rocket injection, was executed
within 2 days of launch; the second at mid-course to L2; and the
third and major one to inject Planck into its final orbit. These
manoeuvers took place on 9 June and 3 July, and they were car-
ried out using Planck’s coarse (20 N) thrusters. Once in its fi-
nal orbit, very small manoeuvers are required at approximately
monthly intervals to keep Planck from drifting away from its
intended path around L2.
Once in its final orbit, Planck will survey the sky continu-
ously for a minimum of 15 months, allowing to survey the full
7 More information on the launch facility and the launcher is available
at http://www.arianespace.com
8 The final orbit of Herschel around L2 is much larger than that of
Planck, 900 000 km vs. 400 000 km maximum distance to the Earth-L2
line. Their transfer trajectories are therefore quite diﬀerent.
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Fig. 12. The left panel shows the predicted initial cool-down profiles of the temperature stages in the coolers. The plateau at 170 K is created by
heating, to prevent outgassing from contaminating the reflector and focal plane sufaces. The model does not represent the cool-down profiles of the
actively cooled stages accurately: the right panel shows the profile measured during on-ground tests, which is expected to be close to the in-flight
profile. Figures courtesy of HFI (J.-L. Puget).
sky at least twice. It will operate autonomously, driven from an
on-board timeline which is uploaded daily during the 3 h period
of contact with the ground. The contact period will also be used
to downlink to ground the data which have been acquired over
the past 24 h.
3.2. Payload commissioning and performance verification
Functional commissioning started immediately after launch, first
addressing critical satellite subsystems, and secondly the pay-
load. At the time this paper is being submitted for publication,
the commissioning activities are completed, and all on-board
systems are behaving nominally.
Initially, the telescope reflectors and the focal plane were
heated to prevent contamination by outgassing from other
payload elements. As soon as heating was removed (about
two weeks after launch), the payload cooled radiatively rather
quickly, see Fig. 12. During this phase, the cryo-chain was
gradually turned on and commissioned. The temperature profile
achieved during cool-down was also used to tune and evaluate
the LFI’s radiometric performance. The coldest temperature of
0.1 K was reached about 50 days after launch. At this time a one
month phase of activities started, dedicated to the optimisation
of the settings of the cryo-chain and the two instruments. This
phase culminated with a two-week period of observations mim-
icking routine surveying, after which small adjustments to the
settings could have been made (but were not necessary), before
the start of the survey phase.
3.3. Surveying strategy
After the initial commissioning and performance verification
phases were completed, Planck started to survey the sky and was
scheduled to do so during 15 months9. No interruptions or alter-
ations in the scanning strategy need to be made for polarisation
calibration or beam mapping, since the corresponding sources
will anyway be observed. During this period the satellite moves
in its orbit around L2 and L2 around the Sun. Its spin axis is
actively displaced on the average 1◦ per day in ecliptic longi-
tude to maintain its anti-Sun direction (see Fig. 13). The instru-
ment Field-of-View rotates around the spin axis and will cover
the full sky at least twice over within the nominal survey period.
9 The satellite carries enough cryogens to allow an extra 12 months of
operation.
Fig. 13. From its orbit around L2 (Fig. 11), Planck will scan the sky as
its Field-of-View rotates at 1 rpm. The spin axis is moved on average by
1◦/day (in 2 arcmin steps) to maintain the spin axis at a constant aspect
angle to the Sun of 7.5◦.






General considerations on the exact choice of the path to be fol-
lowed by the spin axis are described in Dupac & Tauber (2005)
and Delabrouille et al. (2000). The cycloidal spin axis path se-
lected allows Planck to maintain a constant aspect angle to the
Sun and to cover the whole sky with each detector in the FOV. It
is defined by the following functions10:
λ = θ sin[(−1)nω(t − t0) + φ] (2)
β = −θ cos[(−1)nω(t − t0) + φ] (3)
where λ is the angular distance from the fiducial point in Ecliptic
longitude, β the angular distance from the fiducial point (the
anti-Sun direction) in Ecliptic latitude, θ the spin axis precession
10 These equations are not exactly followed by the mission planning
software, which corrects for the variation of the Earth’s orbital speed
on the path of the cycloid, but the diﬀerences are small enough to be
negligible for the purpose of characterising the survey coverage.
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amplitude, ω the pulsation of the precession, φ its phase, n the
parameter which controls the motion direction of the precession,
t is the time, and t0 is the first time during the Planck survey at
which the fiducial point crosses the 0◦ Ecliptic longitude line.
The values of these parameters are – with the exception of n
and φ – independent of the launch date (see Table 5). The choice
of n and φ is made based on a tradeoﬀ of the following criteria
related to detector calibration:
– Allowing the largest possible diﬀerence between two suc-
cessive sky surveys of the scan angle on the Crab, to improve
the calibration of polarisation properties. The maximum pos-
sible diﬀerence is 15◦ (determined by the Earth angle con-
straint). The selected scanning parameters result in an angle
diﬀerence of ∼13.◦5.
– Avoiding satellite orientations which would lead to very low
amplitudes of the CMB dipole during parts of the survey, to
improve the photometric calibration.
– Ensuring that when the brightest planets are observed (for
beam calibration), there is suﬃcient operational margin to
reobserve them in case of need.
The motion of the spin axis along its cycloidal path is not contin-
uous, but achieved by manoeuvers whose amplitude is fixed to
2 arcmin. This step size has been set to ensure adequate sampling
of even the smallest beams in the cross-scan direction. Between
manoeuvers (whose typical duration is 5 min), the satellite spin
axis is inertially stable, except for residual nutation and a drift
due to solar pressure (estimated at 2.5–3.5 arcmin/day). As a
consequence of the fixed size step manoeuvers and the orbital
characteristics, the inertial dwell times vary sinusoidally with
6 month period between 2360 and 3904 s.
With this scanning strategy, and assuming no interruptions,
the typical sky coverage that will be achieved is illustrated in
Figs. 14 and 15, and quantified in Table 6 for representative
frequencies. The range of coverage parameters found depends
largely on the size of the circle; the diﬀerence between the 30
and 44 GHz horns being the largest as they are located at two
extremes of the focal plane.
4. Calibration strategy
The calibration – conversion of raw data to physical units – re-
quires specific measurements to be made, some of which can
only be made on the ground, and some of which will be primar-
ily, or at least partially, obtained in flight.
4.1. On-ground calibrations
The calibration campaigns carried out on the ground and their re-
sults are described in detail in Pajot et al. (2010) (HFI), Mennella
et al. (2010) (LFI), and Tauber et al. (2010) (Telescope). The re-
sults of these campaigns form a complete calibration set which
is the basis for the performance estimates made in this paper.
Some parts will be superseded by measurements in flight, but
others cannot be improved in flight (though some may be veri-
fied in flight). The latter group includes:
1. The spectral response of each detector, the knowledge of
which is described in Villa et al. (2010) (LFI) and Ade et al.
(2010) (HFI).
2. The linearity of each detector, the knowledge of which is
described in Villa et al. (2010) (LFI) and Pajot et al. (2010)
(HFI).
Table 6. Sky coverage (15 months survey, average per frequency).
Frequency Meana Lowb Highc Deepd Pol. Stat.e
(GHz) (s/sq. deg.) (%) (%) (%) (%)
30 953 4.5 1.7 0.42 0.8
44 953 3.3 1.5 0.28 3.7
100 953 4.3 1.5 0.41 0.61
353 953 4.3 1.2 0.37 0.10
Notes. (a) Integration time per square degree for typical channels.
(b) Fraction of the sky with integration time lower than one-half the
mean value. (c) Fraction of the sky with integration time higher than
four times the mean value. (d) Fraction of the sky with integration time
higher than nine times the mean value. (e) Fraction of the sky which has
a high spread of scanning angles, for all detectors at each frequency.
The value is based on dividing the 2π range of angles into 16 bins; for
a pixel on the sky, the spread is considered high if there are samples in
at least 5 bins. More details are available in Dupac & Tauber (2005).
3. Cross-correlations between detectors, which can be verified
in flight using the brightest planets. Upper limits determined
on the ground are described in Mennella et al. (2010) (LFI)
and Pajot et al. (2010) (HFI).
4. Thermal susceptibilities of the detectors, i.e. their response
to variations in the thermal environment, the knowledge of
which is described in Mennella et al. (2010) (LFI) and Pajot
et al. (2010) (HFI).
4.2. In-flight calibrations
In-flight calibrations are based on the observation of four distinct
classes of sources:
– the so-called “CMB dipole”, i.e. the modulation of the CMB
due to the motion of the solar system barycenter with re-
spect to the cosmological comoving frame, has an ampli-
tude of ∼3.4 mK which is known to an accuracy of ∼0.3%
(Hinshaw et al. 2009); it is further modulated by the mo-
tion of the Earth around the Sun, with an amplitude (∼10%
of the dipole itself) which can be very accurately calculated
from the orbital velocity of the satellite with respect to the
Earth (which can be estimated in flight with an accuracy bet-
ter than 1 cm/s), and that of the Earth around the Sun (which
is extremely accurately known). These variations are visi-
ble in the Planck time-ordered data at periods of one minute
and 6 months respectively, and are suﬃcient to calibrate the
responsivity to large-scale CMB emission of all Planck de-
tectors up to 353 GHz with an accuracy better than 1% (see
Bersanelli et al. 1997; Cappellini et al. 2003, for LFI, Piat
et al. 2002, for HFI).
– at the highest frequencies of HFI, namely 545 and 857 GHz,
the CMB dipole signal is too faint to be a good photo-
metric calibrator. Instead the ∼7◦ resolution maps obtained
by the Far-Infrared Absolute Spectrometer (FIRAS) instru-
ment on board COBE of emission from the Galactic Plane
will be used as a calibrator. Detailed simulations which take
into account various significant eﬀects, i.e. the precision of
COBE/FIRAS measurements, the emission spectrum of the
Galactic Plane and its knowledge, the stability of the HFI
detectors over one week period (needed to sweep over the
extent of the FIRAS resolution) and the ability to monitor
this stability using celestial sources, leads to an expected ab-
solute accuracy better than ∼3% (Piat et al. 2002).
– Observations of bright planets (in eﬀect the brightest point
sources in the Planck sky) will be used (as outlined in
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Fig. 14. Left panel: coverage map achieved after 15 months of survey at 100 GHz, in units of integration time (blue to red color scale corresponds
to 350 to 7000 s/deg2.). The map is a Mollweide projection of the whole sky in Galactic coordinates, pixelised according to the Healpix (Górski
et al. 2005) scheme at Nside = 1024. This map is typical of the coverage at all frequencies; the shape of the high-integration regions around
the ecliptic poles changes slightly with frequency, as illustrated in Fig. 15. For comparison, in the right panel is shown a map of IRAS 100 μm
emission, showing the typical extent of Galactic dust emission; it also shows that the Planck “deep fields” are not the cleanest in terms of diﬀuse
Galactic emission. Figures courtesy of ESA (X. Dupac).
Fig. 15. Coverage map near the North ecliptic pole, achieved after 15 months of survey at 70 GHz (left) and 217 GHz (right), in units of integration
time (blue to red color scale corresponds to 378/356 to 15 000 s/deg2 for 70/217 GHz respectively). The horizontal extent of the maps is 63◦ at
70 GHz and 72◦ at 217 GHz (the angular separation between radial lines from the ecliptic pole is 10◦). The figure illustrates how the shape of the
highest integration areas narrows and rotates with frequency. Figures courtesy of ESA (X. Dupac).
Tauber et al. 2010 and described in detail most recently in
Huﬀenberger et al. 2010) to:
– map the angular response of each detector. For this pur-
pose Jupiter and Mars are especially important. In the
worst case analysed, using no information about the op-
tics except the measurement of planets, Huﬀenberger
et al. (2010) find that a single transit of Jupiter across the
focal plane will measure the beam transfer functions to
better than 0.3% for the channels at 100–217 GHz which
are the most sensitive to the CMB.
– determine the focal plane geometry, i.e. the relative loca-
tion of all detectors on the sky.
– Determine the time response (long-timescale compo-
nent) of the HFI detectors.
The planets will be observed without any interruption or in-
deed modification of the routine scanning strategy; about one
week of time is needed to scan the full FOV across a planet.
Each planet is encountered at least once in each full sky sur-
vey; successive observations will be used to improve the de-
termination of the above parameters and assess any possible
long-term drifts.
– Bright polarised point sources (mainly Taurus A – the Crab)
will be used to determine the absolute orientation of the prin-
cipal angle of polarisation and the cross-polarisation level of
each Planck detector. The relative angle can be determined
by observation of regions of brightly polarised foreground
emission at high ecliptic latitudes (which are observed many
times with a wide range of scan angles). Some further de-
tails of the calibration scheme and its accuracy are described
in Tauber et al. (2010) and Leahy et al. (2010).
The Planck thermal model will be used to predict temperatures
and thermal fluctuation levels at all critical locations in the fo-
cal plane (e.g. detectors, filters, reference loads, etc) based on
the available on-board thermometry, and is a required element
of the calibration process. It consists of two distinct models: one
addressing the large-scale quasi-static heat flows, which is used
mainly for cool-down and warm-up predictions; and one which
models the actively cooled elements. Both have been correlated
extensively with ground measurements, and modified accord-
ingly. Since the ground test environments can never fully mimic
the flight situation, these models will be re-correlated during the
early phases of operations, and a publication describing the re-
sults will be produced at that time.
5. The “scientific ground segment”
The ground operations of the Planck satellite are based on 4 ge-
ographically distributed centres (see Fig. 16):
– The mission operations centre (MOC), located at ESA’s op-
erations centre in Darmstadt (Germany), is responsible for
all aspects of flight control and of the health and safety of the
Planck satellite, including both instruments. It plans and ex-
ecutes all necessary satellite activities, including instrument
commanding requests by the instrument operations centres.
MOC communicates with the satellite using ESA’s 35-m an-
tenna located in New Norcia (Australia) over a daily 3-h pe-
riod, during which it uplinks a scheduled activity timeline
which is autonomously executed by the satellite, and down-
links the science and housekeeping (HK) data acquired by
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Fig. 16. A sketch of the centres involved in the Planck ground segment
and the main data exchanges between them.
the satellite during the past 24 h. The downlinked data are
transferred from New Norcia to the MOC over a period of
typically 8 h; at MOC they are put onto a data server from
where they are retrieved by the two Data Processing Centres.
– The Planck Science Oﬃce (PSO), located at ESA’s European
Space Astronomy Centre in Madrid (Spain) is responsible
for coordinating scientific operations of the Planck instru-
ments, and for planning the sky surveying strategy. It pro-
vides to MOC a detailed pointing plan with a periodicity of
about 1 month. PSO will also develop and operate the archive
which will store and distribute the final scientific products to
the community.
– The LFI instrument operations and data processing centre,
located at the Osservatorio Astronomico di Trieste (Italy), is
responsible for the optimal operation of the LFI instrument,
and for the processing of the data acquired by LFI into the
final scientific products of the mission.
– The HFI instrument operations and data processing centres,
located respectively at the Institut d’Astrophysique Spatiale
in Orsay (France) and at the Institut d’Astrophysique de Paris
(France), are similarly responsible for the optimal operation
of the HFI instrument, and (with several other institutes in
France and the UK) for the processing of the data acquired
by HFI into the final scientific products of the mission.
The principal objective of Planck is to enable CMB-based sci-
entific analysis, as described in the Planck Bluebook. The suc-
cess of the mission depends on the combination of measure-
ments from both instruments to produce a sensitive and well-
understood set of maps of the Stokes I,Q and U components of
the CMB anisotropies . The combination of LFI and HFI data
poses significant challenges arising from the diﬀerent technolo-
gies involved, but also provides advantages in terms of cross-
checking and cross-calibration. To use these advantages fully re-
quires the co-analysis of LFI and HFI data at all levels starting
at that of individual detector timelines, and not only at the level
of frequency channel maps. The two data processing centres
(DPCs) have set up a system of periodic data exchanges which is
geared to make full use of these advantages and to ensure that a
single coherent set of products is generated by the mission. The
philosophy underlying this system is that:
– The calibration of each instrument and cleaning of spuri-
ous artifacts requires deep expert knowledge and is carried
out within each DPC; nonetheless, LFI and HFI data (time-
lines, detector maps, frequency channel maps) are exchanged
at frequent intervals to allow cross-calibration and cross-
checking for systematic eﬀects as much as possible.
– Frequency maps will be produced by each DPC for their
respective instruments and will form a common input to
component separation pipelines which are geared to isolate
the CMB signals from all systematic eﬀects and non-CMB
signals (so-called “foregrounds”). Finding the best algorithm
for this purpose will be an iterative process involving both
DPCs.
– Scientific analysis is the main driver in the search for the
best products and cannot be separated from data calibra-
tion or processing issues; it is therefore intertwined and will
also be repeatedly iterated. To enable this feedback to take
place, the DPCs will issue at regular intervals (typically
6 months) products - principally maps – of increasing sophis-
tication and quality for the scientific users within the Planck
Collaboration (see Annex 1).
The iterative data processing outlined above will gradually yield
a mature set of scientific products which will be delivered by the
DPCs to ESA 2 years after the end of the baseline surveying pe-
riod of 15 months11. The data products, which will be distributed
to the community via an online archive developed by ESA about
3.5 years after launch (i.e. in November 2012), will consist of:
– Calibrated and cleaned time-ordered data for each detector.
– Maps of the whole sky at each Planck frequency. This is the
main product of the mission.
– All-sky Stokes I, Q, and U maps of the CMB anisotropies
– All-sky Stokes I, Q, and U maps of a set of non-CMB
components, the exact definition of which is still open, but
which will contain at least Galactic synchrotron, free-free,
and dust emission; and most likely also the diﬀuse (unre-
solved) Sunyaev-Zeldovich and extragalactic background.
– An all-sky catalogue of compact and point sources extracted
from the Planck sky maps. These sources will include both
Galactic and extra-galactic sources. Of particular interest
among the extra-galactic sources will be those detected via
the signature of the Sunyaev-Zeldovich eﬀect.
– A suﬃcient set of information and data which allows the
products to be useable by a typical astronomer, e.g. calibra-
tion data, uncertainty descriptors, likelihood functions, an-
cillary data used in the product generation, descriptive docu-
mentation, etc.
In addition to the above products, an Early Release Compact
Source Catalogue (ERCSC) will be released to the community
∼19 months after launch, which is targeted to identification and
quick follow-up of scientifically interesting objects, in particu-
lar by the limited-lifetime Herschel Observatory12. The ERCSC
will be based on the data gathered during the first sky survey
only, and the detection algorithm will emphasize reliability of
the included sources rather than completeness. The algorithm
will not attempt to use any channel cross-correlation informa-
tion, except in the case of two particular classes of sources which
are of particular interest for Herschel follow-up and which will
be identified on specific color criteria, namely Galactic cold
cores and extragalactic Sunyaev-Zeldovich sources. The typical
11 If the Planck mission is extended by a year, the first delivery of prod-
ucts based on the initial period will be followed by a second delivery,
one year later, of products based on the full data set.
12 See http://www.esa.int/Herschel
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flux limit of the ERCSC at high Galactic latitudes will be ∼10σ
of the noise or confusion level (see Table 4).
6. The core scientific programme
The organisation of the Planck Collaboration (see Appendix A)
is geared not only to generate the final scientific products
described in Sect. 5, but also to enable scientific analysis dur-
ing the proprietary period. The science potential of Planck has
been described previously in detail in the Planck Bluebook. The
Planck Collaboration is focussing its eﬀorts into a number of
areas each covering a set of well defined projects (as enumer-
ated below). Each of the projects has been assigned to a spe-
cific team of people within the overall Collaboration. In most
cases a substantial amount of preparatory work has been done
by these teams so that scientific papers can be completed by the
time that the products of Planck are publicly released. Together,
these projects form the core of the Planck Scientific Programme:
1. CMB-based cosmology
(a) Analysis of the isotropy and statistics of the CMB
anisotropies, in particular by
– blind application of a range of statistical tools to the
CMB maps;
– investigation of the large-scale “anomalies” sus-
pected in the WMAP data;
– investigation of large-scale “anomalies” in Planck
polarization maps.
(b) Estimation of the temperature and polarisation angular
power spectra and likelihood functions
(c) Estimation of cosmological parameters, based on
– Planck data alone
– Planck data and constraints from other astrophysi-
cal data. Special attention will be paid to constraints
which can be put on inflationary models.
(d) Search for and constraints on B-mode polarisation
anisotropies.
(e) Determination of the gravitational lensing signatures in
the CMB caused by intervening large-scale structure.
2. Non-Gaussianity of the CMB
(a) Bispectrum analysis and constraints on the fNL parame-
ter for “squeezed” triangular wave vector shapes and of
more general forms of non-Gaussianity.
(b) Testing any measured non-Gaussianity against the pre-
dictions of specific inflationary models (e.g. multi-field
inflation, curvaton perturbations, DBI inflation etc.).
(c) Measuring or setting upper limits on the existence and
strength of primordial magnetic fields.
(d) Probing the geometry and topology of the Universe, by
testing against the predictions of specific models such as
Bianchi universes.
(e) Testing for the presence of cosmic strings or other classes
of defects.
3. Secondary anisotropies
(a) Production and analysis of a catalogue of Sunyaev-
Zeldovich (SZ) sources detected by Planck.
(b) Analysis of the combination of Planck SZ-selected
galaxy clusters with a wide range of other observations
(X-ray, optical, near-IR, sub-mm), either from existing
surveys or by dedicated follow-up, to study their physics
and evolution.
(c) Reconstruction of the ionisation history of the Universe.
(d) Estimation of the Integrated Sachs-Wolfe eﬀect and its
constraints on cosmological parameters e.g. the dark en-
ergy equation of state.
(e) Extraction and analysis of diﬀuse and kinetic Sunyaev-
Zeldovich components.
4. Extragalactic sources
(a) Analysis of the statistical properties and evolution of
radio and sub-mm sources, and their classification into
dominant populations
(b) Survey of extreme radio sources, i.e. those with unusual,
sharply peaked, or inverted spectra.
(c) Construction and analysis of a catalogue of quasars and
BL Lac objects, combining Planck data with data from a
wide variety of other wavelengths. Specific eﬀort is be-
ing made to detect flaring sources and follow them up
quickly with ground facilities.
(d) Construction and analysis of a catalogue of nearby galax-
ies, and the detailed study of a small number of resolved
galaxies (LMC, SMC, M 31, M 33).
(e) All-sky survey and analysis of bright high-redshift dusty
galaxies, and possibly proto-clusters.
(f) Extraction of the cosmic far-infrared background be-
lieved to consist of unresolved galaxies, and analysis of
the angular power spectra of this component.
5. Galactic science
(a) Construction of a model of the large scale ordered mag-
netic field in the Galaxy, based on the polarised Planck
maps.
(b) Study of the diﬀuse warm ionized gas in the Galaxy,
based on the Planck map of free-free emission.
(c) Reconstruction of the Galacto-centric distribution of
emission of the diﬀerent phases of the interstellar
medium in the Galaxy (H2, HI, H+), by correlation of
the Planck maps to tracers of each phase.
(d) Study of the diﬀuse synchrotron emission from the
Galaxy, in particular its spectrum and its spatial struc-
ture.
(e) Study of the physical characteristics of the circumstellar
environment of various types of stellar objects in the final
phases of their evolution.
(f) Construction and analysis of a catalogue of compact and
ultra-compact HII regions and massive young stellar ob-
jects.
(g) Construction and analysis of a catalogue of cold pre-
stellar cores in the Galaxy.
(h) Study of the spectral energy distributions of Supernova
Remnants across the Planck bands.
(i) Study of the spatial and spectral distribution of thermal
dust polarisation to elucidate the nature of dust in the
various phases of the interstellar medium.
(j) Establishment of the spatial and spectral properties of
the anomalous emission so far attributed to spinning dust
particles.
(k) Combination of Planck maps with lower frequency
large-scale ground-based surveys to study the relation-
ships between the various phases of the Galactic inter-
stellar medium (atomic, molecular, ionized, relativistic,
magnetic, etc.).
(l) Study of the properties of dust in regions at high Galactic
latitudes and in intermediate and high velocity clouds,
using the Planck data in combination with other tracers
such as HI, IRAS/IRIS etc.
(m) Study of the Planck maps to determine the structure and
distribution of mass in molecular clouds.
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(n) Study of the structure and intensity of the magnetic fields
(ordered and tangled components) within nearby inter-
stellar clouds, in relation with their density and velocity
structure.
6. Solar System science
(a) Extraction and analysis of the zodiacal light emission,
and constraints on dust properties and content within the
solar system.
(b) Detection and analysis of the emission from several
classes of objects, such as main belt asteroids, planets,
and comets.
It is expected that the above projects will result in around 40 sci-
entific papers which will be submitted for publication at the time
when the final scientific products are released to the community.
7. Conclusions
This paper summarises the performance of Planck at the time
of launch in the areas most relevant for scientific analysis of the
Planck data. It also outlines the main elements of its scientific
operations and data analysis. Detailed descriptions of aspects of
the payload are provided in accompanying papers in this issue.
It can be concluded that:
1. The major elements of satellite and payload performance ful-
fill the original technical requirements.
2. The ground segment is ready for operations.
3. The Planck Collaboration is ready for scientific analysis.
After a flawless launch, Planck is now in its final orbit and has
started routine surveying of the sky. There is every expectation
that in-flight commissioning and performance verification activ-
ities will confirm the performance outlined here.
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Appendix A: The Planck Scientific Collaboration
The Planck Scientific Collaboration consists of all the scientists
which have contributed to the development of the Planck mis-
sion, and who will participate in the scientific exploitation of
the Planck data during the proprietary period, which nominally
ends with the release of the scientific products to the community
3.5 yr after launch, i.e. in January 2013. They are members of
one or more among four Consortia of scientists:
1. The LFI Consortium, Principal Investigator N. Mandolesi
of the Istituto di Astrofisica Spaziale e Fisica Cosmica
(Bologna, Italy), includes the following participating insti-
tutes:
– ASI - Agenzia Spaziale Italiana, Roma (Italy)
– CNR - Istituto di Fisica del Plasma, Milano (Italy)
– Centre d’Étude Spatiale des Rayonnements, Toulouse
(France)
– Computational Research Division, LBNL, Berkeley CA
(USA)
– Danish Space Research Institute, Copenhagen (DK)
– DICOM, Universidad de Cantabria, Santander (Spain)
– Haverford College, Haverford PA (USA)
– Helsinki Institute of Physics, Helsinki (Finland)
– INAF - IASF-Bo, Bologna (Italy)
– INAF - IASF-Mi Milano (Italy)
– INAF - Istituto di Radioastronomia (Italy)
– INAF - Osservatorio Astronomico di Arcetri, Firenze
(Italy)
– INAF - Osservatorio Astronomico di Bologna, Bologna
(Italy)
– INAF - Oss. Astronomico di Padova, Padova (Italy)
– INAF - Oss. Astronomico di Trieste, Trieste (Italy)
– INFN - sezione di Trieste, Trieste (Italy)
– INFN - sezione di Tor Vergata, Roma (Italy)
– Institute for Space Science, Bucharest-Magurele
(Romania)
– Instituto de Física, Universidad de Cantabria, Santander
(Spain)
– Institute of Theoretical Astrophysics, University of Oslo
(Norway)
– Instituto de Astrofísica de Canarias (Spain)
– Integral Science Data Centre, University of Geneva,
Versoix (Switzerland)
– Jet Propulsion Laboratory, Pasadena (USA)
– Jodrell Bank Centre for Astrophysics, The University of
Manchester, Manchester (UK)
– Lawrence Berkeley National Laboratory, Berkeley
(USA)
– Metsahövi Radio Observatory, Helsinki (Finland)
– Millilab, VTT Information Technology, Espoo (Finland)
– Max-Planck Institut für Astrophysik, Garching
(Germany)
– National Radio Astronomy Observatory, Charlottesville
VI (USA)
– Research and Scientific Support Dpt, European Space
Agency -ESTEC, Noordwijk (The Netherlands)
– SISSA/ISAS - Astrophysics Sector, Trieste (Italy)
– Space Sciences Laboratory, University of California,
Berkeley (USA)
– Università degli Studi di Milano - Dipartimento di Fisica,
Milano (Italy)
– Università degli Studi di Roma Padova - Dipartimento di
Fisica, Padova (Italy)
– Università degli Studi di Roma “Tor Vergata” -
Dipartimento di Fisica, Roma (Italy)
– Università degli Studi di Trieste - Dipartimento di Fisica,
Trieste (Italy)
– University of British Columbia, Vancouver (Canada)
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– University of California at Berkeley, Physics
Department, Berkeley (USA)
– University of California at Santa Barbara, Physics
Department, Santa Barbara (USA)
– University of Helsinki, Physics Department, Helsinki
(Finland)
– University of Oxford, Nuclear and Astrophysics
Laboratory, Oxford (UK)
2. The HFI Consortium, Principal Investigator J.-L. Puget of
the Institut d’Astrophysique Spatiale (Orsay, France), and
co-PI F.R. Bouchet of the Institut d’Astrophysique de Paris
(Paris, France), includes the following participating insti-
tutes:
– Cardiﬀ University, School of Physics and Astronomy,
UK
– CEA, CE Saclay, IRFU/Service de Physique des
Particules, Gif-sur-Yvette, France
– Dipartimento di Fisica, Università La Sapienza, Roma,
Italy
– CESR, Centre d’Étude Spatiale des Rayonnements,
CNRS, Toulouse, France
– CNES, Paris, France
– CNES, Toulouse, France
– Department of Experimental Physics, National
University of Ireland (NUI), Maynooth, Ireland
– Department of Physics (Cavendish Laboratory),
University of Cambridge, UK
– Department of Physics, California Institute of
Technology, Pasadena, USA
– European Space Agency - ESTEC, Astrophysics
Division, Noordwijk, The Netherlands
– European Space Astronomy Centre, Villanueva de la
Cañada, Madrid, Spain
– IAS, Institut d’Astrophysique Spatiale, CNRS &
Université Paris 11, Orsay, France
– IAP, Institut d’Astrophysique de Paris, CNRS, Paris,
France
– Institut Néel, CNRS, Univ. Joseph Fourier Grenoble I,
Grenoble, France
– Institute of Astronomy, University of Cambridge,
Madingley Road, Cambridge CB3 OHA, UK
– Institute of Radiophysics and Electronics, NAS of
Ukraine, Kharkov, Ukraine
– Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, USA
– Kavli Institute for Particle Astrophysics and Cosmology
and Department of Physics, Stanford University,
Stanford, USA
– Laboratoire Astroparticule et Cosmologie (APC), CNRS
& Université Paris Diderot - Paris 7, Paris, France
– Laboratoire d’Astrophysique de Grenoble (CNRS, UMR
5571) 414 rue de la piscine, Grenoble, France
– LAL, Laboratoire de l’Accélerateur Linéaire, CNRS &
Université Paris 11, Orsay, France
– Laboratoire de Physique Subatomique et de Cosmologie
(LPSC), Univ. Joseph Fourier Grenoble I, CNRS/IN2P3,
Institut National Polytechnique de Grenoble, Grenoble,
France
– LERMA, CNRS, Observatoire de Paris, Paris, France
– Optical Science Laboratory, University College London
(UCL), London, UK
– Princeton University, Department of Physics, Joseph
Henry Laboratory, USA
– Royal Observatory Edinburgh, Edinburgh, UK
– STFC, Rutherford Appleton Laboratory, Harwell
Science and Innovation Campus, Didcot, UK
– SUPA, Institute of Astronomy, University of Edinburgh,
Edinburgh, UK
– The University of Manchester, JBCA, School of Physics
and Astronomy, UK
3. The DK-Planck Consortium, led by H.U. Norgaard-Nielsen
of the Danish National Space Institute (Copenhagen,
Denmark), includes the following participating institutes:
– Danish National Space Institute, Copenhagen (Denmark)
– Niels Bohr Institute, Copenhagen (Denmark)
– Theoretical Astrophysics Centre, Copenhagen
(Denmark)
4. ESA’s Planck Science Oﬃce, Project Scientist J. A. Tauber.
The Planck Science Team (see membership at http://www.
rssd.esa.int/Planck) is a formal body set up by ESA at the
inception of the project to represent the scientific interests of the
mission, which has had a key advisory role vis-à-vis the develop-
ment of the satellite, payload and ground segment. It is a recog-
nised principle of the mission that the scientific exploitation of
Planck during the proprietary period is a joint venture between
the involved Consortia, and the Science Team is the body which
has taken the role to organise, plan, coordinate, and oversee all
the common activities in this respect. All members of the Planck
Scientific Collaboration have agreed to abide by the policies set
by the Science Team with regard to data access and publication
of scientific results. A complete online database of all mem-
bers of the Planck Collaboration is maintained at http://www.
rssd.esa.int/index.php?project=IDIS&page=people.
References
Aumont, J., Conversi, L., Falgarone, E., et al. 2010, A&A, 514, A70
Ade, P. A. R., Savini, G., Sudiwala, R., et al. 2010, A&A, 520, A11
Bhandari, P., Prina, M., Bowman, R. C. Jr., et al. 2004, Sorption Coolers Using
A Continuous Cycle To Produce 20 K For The Planck Flight Mission,
Cryogenics, 44, 395
Benoît, A., Sirbi, A., Bradshaw, T., et al. 1997, in 6th European Symposium on
Space Environmental Control Systems, ed. T. D. Guyenner, ESA SP, 400, 497
Bersanelli, M., Bouchet, F. R., Efstathiou, G., et al. 1996, Report on the Phase A
Study of COBRAS/SAMBA, ESA Publication D/SCI(96)3
Bersanelli, M., Muciaccia, P. F., Natoli, P., Vittorio, N., & Mandolesi, N. 1997,
A&AS, 121, 393
Bersanelli, M., Mandolesi, N., Butler, R. C., et al. 2010, A&A, 520, A4
Bradshaw, T., et al. 1997, in 6th European Symposium on space environmental
control systems, held in Noordwijk, The Netherlands, 20–22 May, ed. T.-D.
Guyenne; European Space Agency, SP-400, 465
Boggess, N. W., Mather, J. C., Weiss, R., et al. 1992, ApJ, 397, 420
Burigana, C., Gruppuso, A., & Finelli, F. 2006, MNRAS, 371, 1570
Cappellini, B., Maino, D., & Bersanelli, M. 2003, A&A, 409, 375
Couchot, F., Delabrouille, J., Kaplan, J., & Revenu, B. 1999, A&AS, 135, 579
Delabrouille, J., Puget, J.-L., Gispert, R., & Lamarre, J.-M. 2000, Ap. Lett. &
Comm., 37, 259
Dupac, X., & Tauber, J. 2005, A&A, 430, 363
Fixsen, D. J., Cheng, E. S., Gales, J. M., et al. 1996, ApJ, 473, 576
Górski, K. M., Eric Hivon, A. J., Banday, B. D., et al. 2005, ApJ, 622, 759
Hamaker, J. P., & Leahy, J. P. 2004, A study of CMB diﬀerencing polarimetry
with particular reference to Planck, ESA Report SCI-A/2003.312/JT
Hinshaw, G. Weiland, J. L., Hill, R. S., et al. 2009, ApJS, 180, 225
Holmes, W. A., Bock, J. J., Crill, B. P., et al. 2008, Appl. Opt., 47, 5996
Huﬀenberger, K. M., Crill, B. P., Lange, A., et al. 2010, A&A, 510, A58
Keihänen, E., Kurki-Suonio, H., & Poutanen, T. 2005, MNRAS, 360, 390
Lamarre, J.-M., Puget, J.-L., Ade, P. A. R., et al. 2010, A&A, 520, A9
Leahy, J. P., Bersanelli, M., D’Arcangelo, O., et al. 2010, A&A, 520, A8
Leach, S. M., Cardoso, J.-F., Baccigalupi, C., et al. 2008, A&A 491, 597
Maﬀei, B., Noviello, F., Murphy, J. A., et al. 2010, A&A, 520, A12
Maino, D., Burigana, C., Gorski, K. M., Mandolesi, N., & Bersanelli, M. 2002,
A&A, 387, 356
Page 20 of 22
J. A. Tauber et al.: Planck pre-launch status: The Planck mission
Mandolesi, N., & Smoot, G. F. 1993, Proposal for COBRAS – the Cosmic
Background Anisotropy Satellite, submitted to ESA in 2003 in answer to the
M3 call for mission ideas
Mandolesi, N., Bersanelli, M., Butler, R. C., et al. 2010, A&A, 520, A3
Maris, M., Maino, D., Burigana, C., et al. 2004, A&A 414, 777
Maris, M., Tomasi, M., Galeotta, S., et al. 2009, JINST, 4, T12018
Meinhold, P., Leonardi, R., Aja, B., et al. 2009, JINST, 4, T12009
Mennella, A., Bersanelli, M., Butler, R. C., et al. 2010, A&A, 520, A5
Pajot, F., Ade, P. A. R., Beney, J.-L., et al. 2010, A&A, 520, A10
Pearson, D., Zhang, B., Prina, M. 2006, Flight Acceptance Testing of the Two
JPL Planck Sorption Coolers, Cryocoolers 14 (ICC Press), 497
Piat, M., Lagache, G., Bernard, J.-P., et al. 2002, A&A, 393, 359
Planck Collaboration 2005, Planck: The Scientific Programme, ESA publication
ESA-SCI(2005)/01
Puget, J. L. 1993, Proposal for SAMBA - the SAtellite for Measurements of
Background Anisotropies, submitted to ESA in 2003 in answer to the M3
call for mission ideas
Reix, J. M., Collaudin, B., Rideau, P., et al. 2007, in Proceedings of the
2007 Congress of the International Astronautical Federation, paper IAC-07-
A3.I.A.23
Rosset, C., Tristram, M., Ponthieu, N., et al. 2010, A&A, 520, A13
Sandri, M., Villa, F., Bersanelli, M., et al. 2010, A&A, 520, A7
Tauber, J. A., Norgaard-Nielsen, H.-U., Ade, P. A. R., et al. 2010, A&A, 520, A2
Triqueneaux, S., Sentis, L., Camus, P., Benoit, A., & G. Guyot 2006, Cryogenics,
46, 288
Tristram, M. 2005, Ph. D. Thesis, Université Joseph Fourier, Grenoble 1
Villa, F., Terenzi, L., Sandri, M., et al. 2010, A&A, 520, A6
1 Agenzia Spaziale Italiana Science Data Center, c/o ESRIN, via
Galileo Galilei, Frascati, Italy
2 Agenzia Spaziale Italiana, viale Liegi 26, Roma, Italy
3 Astrium GmbH, Friedrichshafen, Germany
4 Astroparticule et Cosmologie, CNRS (UMR7164), Université Denis
Diderot Paris 7, Bâtiment Condorcet, 10 rue A. Domon et Léonie
Duquet, Paris, France
5 Astrophysics Sector, SISSA-ISAS, via Beirut 4, Trieste, Italy
6 Cardiﬀ University, Dept. of Physics and Astronomy, Queens
Buildings, 5 The Parade, Cardiﬀ, Wales, UK
7 CEA Saclay, IrfU/SAp, Gif-sur-Yvette, France
8 CEA Saclay, IrfU/SPP Bat 141, Gif-sur-Yvette, France
9 Centre d’Étude Spatiale des Rayonnements, UMR 5187, 9 Av. du
Colonel Roche, Toulouse, France
10 Centre of Mathematics for Applications, University of Oslo,
Blindern, Oslo, Norway
11 Centre Spatial de Liège, Liège Science Park, Av. du Pré-Aily,
Angleur, Belgium
12 CESR, CNRS-Université de Toulouse, 9 Av. du Colonel Roche,
Toulouse, France
13 CITA, University of Toronto, McLennan Labs 60, St. George St.,
Toronto, Canada
14 CNES, Centre Spatial de Toulouse, 18 avenue Edouard Belin,
Toulouse, France
15 CNR - ISTI, Area della Ricerca, via G. Moruzzi 1, Pisa, Italy
16 Departament de Teoria del Senyal i Comunicacions, Universitat
Politécnica de Catalunya, Campus Nord, Edificio D4, C. Jordi
Girona, 1-3, Barcelona, Spain
17 Departamento de Física, Universidad de Oviedo, Avda. Calvo Sotelo
s/n, Oviedo, Spain
18 Departamento de Ingeniería de Comunicaciones, Universidad de
Cantabria, Plaza de la Ciencia, Santander, Spain
19 Department of Physics & Astronomy, University of British
Columbia, 6224 Agricultural Road, Vancouver, British Columbia,
Canada
20 Department of Physics and Astronomy, University of Southern
California, Los Angeles, California, USA
21 Department of Physics, Gustaf Hällströmin katu 2a, University of
Helsinki, Helsinki, Finland
22 Department of Physics, Princeton University, Princeton, New Jersey,
USA
23 Department of Physics, Purdue University, 525 Northwestern
Avenue, West Lafayette, Indiana, USA
24 Department of Physics, Standford University, Stanford, California,
USA
25 Department of Physics, University of California, Berkeley,
California, USA
26 Department of Physics, University of California, One Shields
Avenue, Davis, California, USA
27 Department of Physics, University of California, Santa Barbara,
California, USA
28 Department of Physics, University of Illinois at Urbana-Champaign,
1110 West Green Street, Urbana, Illinois, USA
29 Department of Physics, University of Oxford, 1 Keble Road,
Oxford, UK
30 Departments of Astronomy and Physics, University of California,
Berkeley, California, USA
31 Dipartimento di Fisica “G. Galilei”, Università degli Studi di
Padova, via Marzolo 8, Padova, Italy
32 Dipartimento di Fisica, Università degli Studi di Milano, via Celoria,
16, Milano, Italy
33 Dipartimento di Fisica, Università di Roma Tor Vergata, via della
Ricerca Scientifica, 1, Roma, Italy
34 Dipartimento di Fisica, Università La Sapienza, P. le A. Moro 2,
Roma, Italy
35 DTU Space, National Space Institute, Juliane Mariesvej 30,
Copenhagen, Denmark
36 European Space Agency, Astrophysics Division, ESTEC,
Keplerlaan 1, 2201AZ Noordwijk, The Netherlands
e-mail: jtauber@rssd.esa.int
37 European Space Agency, Herschel-Planck Project, ESTEC,
Keplerlaan 1, Noordwijk, The Netherlands
38 European Space Agency, Herschel-Planck Project, European Space
Operations Centre – ESOC, Robert-Bosch-Str. 5, Darmstadt,
Germany
39 European Space Agency, Planck Science Oﬃce – ESAC, Camino
bajo del Castillo, s/n, Urbanización Villafranca del Castillo,
Villanueva de la Cañada, Madrid, Spain
40 Física Teórica y del Cosmos, Universidad de Granada, Granada,
Spain
41 Haverford College Astronomy Department, 370 Lancaster Avenue,
Haverford, Pennsylvania, USA
42 Helsinki Institute of Physics, Gustaf Hällströmin katu 2, University
of Helsinki, Helsinki, Finland
43 Imperial College London, Astrophysics group, Blackett Laboratory,
Prince Consort Road, London, UK
44 INAF - Arcetri Astrophysical Observatory, Largo Enrico Fermi 5,
Florence, Italy
45 INAF - Istituto di Astrofisica Spaziale e Fisica Cosmica, via Gobetti
101, Bologna, Italy
46 INAF - Osservatorio Astronomico di Trieste, via G.B. Tiepolo 11,
Trieste, Italy
47 INAF Osservatorio Astrofisico di Catania, via S. Sofia, Catania,
Italy
48 INAF/IASF Milano, via E. Bassini 15, Milano, Italy
49 INAF - Osservatorio Astronomico di Padova, Vicolo
dell’Osservatorio 5, Padova, Italy
50 Infrared Processing and Analysis Center, California Institute of
Technology, Pasadena, California, USA
51 Institut d’Astrophysique de Paris, CNRS UMR7095, & UPMC,
Université Pierre & Marie Curie, 98bis boulevard Arago, Paris,
France
52 Institut d’Astrophysique Spatiale, CNRS (UMR8617) Université
Paris-Sud 11, Bâtiment 121, Orsay, France
53 Institut Néel, CNRS, Université Joseph Fourier Grenoble I, 25 rue
des Martyrs, Grenoble, France
54 Institute for Space Sciences, Bucharest-Magurale, Romania
55 Institute of Astronomy and Astrophysics, Academia Sinica, Taipei,
Taiwan
56 Institute of Theoretical Astrophysics, University of Oslo, Blindern,
Oslo, Norway
Page 21 of 22
A&A 520, A1 (2010)
57 Instituto de Astrofísica de Canarias, C/vía Láctea s/n, La Laguna,
Tenerife, Spain
58 Instituto de Física de Cantabria (CSIC-Universidad de Cantabria),
Avda. de los Castros s/n, Santander, Spain
59 ISDC Data Centre for Astrophysics, University of Geneva, ch.
d’Ecogia 16, Versoix, Switzerland
60 Istituto di Fisica del Plasma, CNR, via Roberto Cozzi 53, Milano,
Italy
61 Jet Propulsion Laboratory, California Institute of Technology, 4800
Oak Grove Drive, Pasadena, California, USA
62 Jodrell Bank Centre for Astrophysics, School of Physics &
Astronomy, University of Manchester, Manchester, UK
63 Laboratoire de l’Accélerateur Linéaire, Université Paris-Sud,
CNRS/IN2P3, Orsay, France
64 Laboratoire d’Astrophysique de Grenoble (CNRS, UMR 5571), 414
Rue de la piscine, Grenoble, France
65 Lawrence Berkeley National Laboratory, Berkeley, California, USA
66 LERMA, CNRS, Observatoire de Paris, 61 Avenue de
l’Observatoire, Paris, France
67 Max Planck Institut für Astrophysik, Karl-Schwarzschild-Str. 1,
Garching, Germany
68 Metsähovi Radio Observatory, Helsinki University of Technology,
Metsähovintie 114, Kylmälä, Finland
69 MilliLab, VTT Information Technology, Tietotie 3, Espoo, Finland
70 National University of Ireland (NUI), Department of Experimental
Physics, Maynooth, Co. Kildare, Dublin, Ireland
71 Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark
72 Observatory, Tähtitorninmäki, University of Helsinki, Helsinki,
Finland
73 Oerlikon Space, Schaﬀhauserstrasse 580, Zürich, Switzerland
74 Oﬃcine Pasquali, via Del Palazzo dei Diavoli 124, Firenze, Italy
75 Optical Science Laboratory, University College London, Gower
Street, London, UK
76 Research and Scientific Support Department of ESA, ESTEC,
Noordwijk, The Netherlands
77 Rutherford Appleton Laboratory, Chilton, Didcot, UK
78 Sener Ingeniería y Sistemas S.A., C. Severo Ochoa (Parq.
Tecnológico De Madrid) 4, Tres Cantos, Spain
79 Space Sciences Laboratory, University of California, Berkeley,
California, USA
80 Spitzer Science Center, 1200 E. California Blvd., Pasadena,
California, USA
81 Telecommunication and System Engineering Department,
Universitat Autònoma de Barcelona (UAB), Barcelona, Spain
82 Thales Alenia Space France, 100 Boulevard du Midi, Cannes la
Bocca, France
83 Thales Alenia Space Italia, Collegno 253, Turin, Italy
84 Thales Alenia Space Italia, S.S. Padana Superiore, 290, Vimodrone,
Milano, Italy
85 TICRA, Laederstraede 34, Copenhagen, Denmark
86 Tycho Brahe Planetarium, Gl. Kongevej 10, Copenhagen, Denmark
87 University of Barcelona, ICE/CSIC, Torre c5, par-2, Cerdanyola
(Barcelona), Spain
88 University of California, Computational Research Department,
Lawrence Berkeley National Laboratory, Berkeley, California, USA
89 University of Cambridge, Cavendish Laboratory, Astrophysics
group, J J Thomson Avenue, Cambridge, UK
90 University of Cambridge, Institute of Astronomy, Madingley Road,
Cambridge, UK
91 University of Granada, Departamento de Física Teórica y del
Cosmos, Facultad de Ciencias, Granada, Spain
92 University of Miami, Knight Physics Building, 1320 Campo Sano
Dr., Coral Gables, Florida, USA
93 University of Trieste, Department of Physics, via A. Valerio 2,
Trieste, Italy
94 Ylinen Electronics Ltd., Teollisuustie 9A, Kauniainen, Finland
95 Zentrum für Astronomie, Universität Heidelberg, Institut für
Theoretische Astrophysik, Albert-Ueberle-Str. 2, Heidelberg,
Germany
96 LPSC, Université Joseph Fourier Grenoble I, CNRS/IN2P3, Institut
National Polytechnique de Grenoble, 53 avenue des Martyrs, 38026
Grenoble Cedex, France
Page 22 of 22
